The heat produced when an animal is fasted in an environment which is neither too hot nor too cold to cause increases in metabolism is a measure of the energy needed to maintain that animal. When man is the subject, muscular repose can invariably be assured and the measurement of heat production is termed the basal metabolism. Most animals do not co-operate in the way that man does and their heat production during fasting thus includes some heat incidental to normal body movement. The measurement is, therefore, best termed the fasting metabolism. has made a number of determinations of heat production in sheep at various times after food. During the past 7 years, the fasting metabolism of adult wether sheep has been determined in this laboratory on many occasions during the course of other experiments and this paper is concerned with analysis of the results.
weighed at the beginning of the 1st day (16 h after food), the beginning of the 3rd day (64 h after food) and at the end of the 4th day (112 h after food). For convenience the four consecutive 24 h periods are referred to as days of fast, although the 1st day refers to measurements commencing 16 h after food.
The fasting metabolism of the sheep was taken to be the mean heat production on the 3rd and 4th days of fast (64-112 h after food) and the reference body-weight the mean weight during the same period. The results of twenty-three experiments of this type are reported in detail and the results of a further fifty-five experiments have been considered. The results apply to thirty-four individual sheep. Many of these observations were made incidentally to other experiments, and some of the determinations have been included in the following papers: Blaxter & Graham (1955 ), Blaxter, Graham & Wainman (1956) , Armstrong & Blaxter (1957b) , Armstrong (1960) , Blaxter & Wainman (1961) , Graham (1958) .
Longer fasts. During experiments in which volatile fatty acids or glucose were given by infusion into the rumen or the abomasum of cannulated sheep, the sheep subsisted for longer periods without solid food. These periods were of I I or 12 days' duration. In these experiments infusions were begun at the 112th h and terminated 4 days later (208th h). The sheep was then given no food or potentially metabolizable material for the subsequent 3 or 4 days, that is until a maximum of 304 h after the last meal of solid food. The results of seventeen such experiments are discussed here; most of them have been published (Armstrong & Blaxter, 1 9 5 7~; Armstrong, Blaxter 8r Graham, 1957 Graham, , 1961 .
Environmental conditions. I n early experiments environmental temperatures in the respiration apparatus were kept at 19-22'. I n one or two experiments with sheep with short fleeces, it was clear that this environmental temperature was too low, for the sheep were observed to shiver. These experiments were abandoned. After completion of studies on the effect of environment on the metabolism of the sheep and the definition of the insulating value of fleece (Graham, Wainman, Blaxter & Armstrong, 1959; Blaxter et al., 1959) , the environmental temperature in the respiration chamber was adjusted in each experiment so that it was well above the estimated critical temperature of the sheep. With some newly shorn sheep with short fleeces, this condition necessitated operation of the chambers at 30' . With sheep with more than 5 cm of fleece, a temperature of 22' was adequate.
Procedure at the end of fasts. Though not relevant to the results given in this paper, the methods adopted to ensure recovery of the sheep from fasts are presented because they proved important in ensuring the well-being of the sheep stock. After short fasts of 4 days, the sheep were given an inoculum of rumen fluid by mouth and offered dried grass in small amounts (200-400 g/day) for a period of 4 days, when appetite was usually restored. With longer fasts, all of which were made with cannulated sheep, the sheep were first provided with a readily available source of energy, either by giving them cow's milk directly into the rumen or glucose into the abomasum. Very small amounts of dried grass (100-200 g) were then offered and inocula of rumen fluid were given. The sheep were kept warm and usually they regained appetite and rumen function within 6 days of the termination of the fast.
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Calorimetric technique. The respiration chambers used to determine heat production were initially those of Blaxter, Graham & Rook (1954) and later the improved chambers of Wainman & Blaxter (1958) .
Analytical methods. I n urine, N was determined by Kjeldahl's method and heat of combustion by bomb calorimetry.
R E S U L T S
Heat production during short fasts. The criteria usually adopted as showing that a ruminant is in the true fasting state, that is when heat production no longer reflects the continuing metabolism of food, are, first, the disappearance of methane production and, secondly, a fall of the respiratory quotient to values which show that no food carbohydrate is being oxidized. The results of twenty-three experiments in which nine sheep were fasted for the standard period of 4 days are shown in Table I . These determinations were made during 1959-60. At the levels of feeding used before fasting began, methane production was 20-35 l./day and the respiratory quotient close to 1.0. The results in Table I show that methane production fell markedly during the fasts, but that methane was still being produced at a rate of 1.6 l./24 h on the 4th day of fast, which shows that fermentation of food continued for 4 days. The fall in methane production from the 3rd to the 4th day was significant (P < 0.01). Analysis of variance also showed that some animals produced significantly more methane than others.
The respiratory quotients in Table I are the ratios of volume of CO, produced to volume of 0, consumed, and have not been corrected for urinary losses of N. Though a marked fall was evident until the 3rd day of fast, there was no significant difference between the respiratory quotients determined on the 3rd and on the 4th day. The mean value of 0.73 for an uncorrected respiratory quotient is intermediate between a value of 0.71 for that of body fat and of 0.81 for body protein (Lusk, 193 I) , and shows that about 20% of the heat produced was derived from protein. This percentage agrees with the estimates made from the N metabolism of the sheep (see p. 623). These results show that little, if any, carbohydrate was being oxidized on the 3rd day and that a true fasting metabolism had been attained.
The heat production of all sheep was lower on the 4th day than on the 3rd day, the mean fall being 3'7%. This fall was highly significant statistically. The sheep were weighed at the beginning of the 3rd and end of the 4th day. The mean daily fall in body-weight of the sheep was 1.3 74,. Heat production thus fell at a higher rate during fasting than did body-weight.
Heat production during fasts longer than 4 days. The results of seventeen experiments in which sheep with cannulated rumens were initially fasted for 4 days, infused with steam volatile fatty acids, singly or in mixtures for 4 days and subsequently fasted again, are given in Table 2 . I n none of these experiments was the energy given as volatile fatty acids sufficient to cause energy retention to become positive, and in most instances the increase in energy retention above the base-line of fasting energy retention when supplements were given was less than a third of the fasting energy loss. The sheep continued to produce small amounts of methane on the I Ith day of fast, though on some occasions the amount found was so small that it was of the same order as (Brody, 1945) ), heat production had fallen from 63.5 to 61.1 kcal/kg W073 24 h, or by 3.9 %.
These results and those for the shorter fasts suggest that after the 64th h after food, the heat production of the fasting sheep falls continuously and that body-weight falls at a slightly slower rate. Lusk (193 I) has summarized experiments in which man has been fasted for long periods. These show that the absolute heat production of man, his heat production per unit weight and his heat production per m2 body surface, all decline continuously during fasting. Similar declines in heat production during long fasts have been noted with suckling calves (Blaxter, 1950) .
Constancy of the fasting metabolism of individual sheep. A variation in heat production from sheep to sheep is evident from Table I and analysis of variance of those results showed the differences between the metabolism of individuals to be statistically significant. T h e standard deviation of an individual experiment computed from the within-sheep term of the analysis of variance was 243 kcal/zq h. Table 3 gives the results of five fasting measurements made with each of two sheep, Y and Z, extending the curtailed results for these two animals given in Table I . These sheep were two which had been noted in 1959 as having a high and a very low heat production when it was expressed on the basis of weight raised to the power 0.73. Sheep Y was a Suffolk cross and sheep 2 a pure-bred Scottish Blackface. Both were about the same age and had been treated similarly since 1956 when they were bought, except that sheep Z had been used as an experimental animal during 1956 and 1957 whereas sheep Y had not.
The results in Table 3 show that differences in the fasting heat production of these 
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The fasting weight of our sheep has ranged from 27 kg for a very small Cheviot to 72 kg for a very large Oxford Down cross; the majority of animals, however, have weighed between 50 and 60 kg. The results of the twenty-three determinations shown in Table I together with forty-six additional determinations have been plotted in Fig. I . No determinations on sheep less than 2 years of age have been included in Fig. I and the total of sixty-nine determinations applies to thirty individuals, which can all be presumed to have been mature. In Fig. I , the results for sheep 2, the sheep known to have a very low metabolism for its size relative to that of other sheep, have been shown separately.
It will be noted that every one of the observations on sheep lies below the line which relates metabolism to body-weight in mature animals of different species, often called the 'mouse-elephant curve '. An increase in heat production with increasing weight of sheep is obvious and heat production in these sheep appears to be about 20 yo below that predicted from Brody's relationship.
No analysis of the results with sheep has been made to establish whether metabolism is proportional to body-weight raised to the power 0.73. The variation in metabolism as between individuals and the limited range of body-weight clearly precludes achievement of any precision in such an estimate. The results in Fig. I indicate, however, that there is no reason to suppose that body-weight raised to the power 0.73 cannot be used as a convenient standard of reference for sheep of different weights.
Eflect of age of sheep. Table 4 summarizes the results of determinations of the fasting metabolism of wether sheep. A decline of the metabolism per unit body size of these sheep with advancing age is evident, heat production falling by about 20 % over a 6-year period. The standard deviations which include real variation between individuals as well as variation in the same individual on different occasions are about 10 yo of the mean in each age group. It has already been shown (see Table 2 ) that individuals of the same age and history can have widely different heat productions, and that the variation in the same individual from time to time is not large. Table 4 shows that the metabolism of the adult wether sheep tends to fall with age. Similar declines in basal metabolism of adult man occur after the age of 30 (Lusk, 1931) .
With several of the sheep with a cannulated rumen, metabolism has been determined over long intervals of time, and these sheep showed a decline in metabolism with age.
Thus with sheep S fasting heat production determined at an age of 18 months was 69.2 kcal/kg W0.73, at 28 months 63.9 kcal/kg W0.73 and at 76 months 52'9 kcal/kg W073. With sheep T, metabolism was 65-3 kcal/kg W0.73 at the age of 36 months and 52-6 kcal/kg W0.73 at 71 months. Over shorter periods of time in older sheep, declines in metabolism with age are not readily detected. It is difficult, for example, to conclude from Table 3 that the metabolism of sheep Z and sheep Y declined with age over the age span from 52 to 79 months.
EfJect of breed. The limited number of sheep of any one breed within a single age group, and the fact that the animals were drawn from many different sources and had had quite diverse experimental histories, make it undesirable to attempt to generalize from the results about breed differences in metabolism. Comparison is made more difficult because sheep of different breeds may be of different mean size. Inspection of the data within any one age group, however, showed no consistent differences in the fasting metabolism that could be referred to breed.
Energy losses in urine during fasting. The heat of combustion of the urine produced during fasting is considerably less than that of the urine produced when the animal is fed. Recent determinations of the heat of combustion of the urine voided by eighteen fasting sheep showed that a mean of 70.9 kcal urinary energy were excreted daily on the 3rd and 4th days of starvation. When sheep are fed, losses of energy in urine are invariably greater than IOO kcal and usually about zoo kcal/z4 h. The ratio, energy:N in the urine in these eighteen experiments was 9.0 kcal/g N, with a standard deviation of f 1-9 kcal/g N. This ratio is very much lower than those observed during feeding (20-35 kcal/g N), but higher than the ratio that would be expected if the sole nitrogenous excretory product was urea (6 kcal/g N). When man is fasted, ratios of 9.0-10.0 kcal/g N have also been recorded but in such subjects acetonuria occurs (Lusk, 1931) . No acetonuria of similar magnitude occurs in sheep. The carbon-containing products that are responsible for the high ratio, energy: N in the urine of sheep fasted for 3-4 days have not been identified. Ratios determined in experiments lasting for I 1-14 days, however, are lower than those determined on the 3rd and 4th day, which suggests that the latter reflect the continuing metabolism of food. Table I the amounts of N excreted in the urine of nine sheep on the 3rd and 4th days of fast are shown. Considerable variation was present from day to day. The variation is thought to be due largely to retention of urine in the bladder. Sheep reduce their water intake considerably during starvation and some drink none at all for 4 days. Urine volume is thus markedly reduced. If fasting sheep are given water by infusion into the rumen during a fast, when urine volume increases, variation in the amount of N excreted each day is considerably reduced. From the mean values in Table I for all twenty-three experiments, there is no reason to believe that urinary N excretion changes markedly from the 3rd to the 4th day.
Protein and f a t katabolism d iring fasting. I n
The mean N excretion on the 3rd and 4th day can be used to measure the proportion of the total energy lost by the fasting sheep that it obtains from oxidation of body protein. The total energy lost during fasting is the sum of the heat lost and the heat of combustion of the urine excreted. The energy lost from the body by oxidation of protein is 3 j kcal/g urine N. 'This factor derives from analyses of the S and energy contcnt of muscle (Franke & Weniger, 1958) . ' Table 5 , which refers to the same nine sheep as 'Tablc I, summarizes such calculations. The results show that on an energy basis about 24% of the body tissue broken down in fasting consisted of protein. Conversely, 76 yo of the energy lost was derived from fat. When sheep are given maintenance rations and then small supplements of food, thcy retain cnergy, and the proportion of energy retained as protein is about 18-25')G (Blaxter 8; Martin, 1962; Armstrong & Blaxtcr, 1957b) . This suggests that the ratio, fat: protein in the body tissue broken down in fasting is much the same as in the ncw tissuc laid down whcn small weight gains are made.
DISCUSSION
The results for short fasts and long fasts indicate that food continues to be fermented in the alimentary tract of the sheep for long periods. On the 4th day of fast the amount of methane produced is about 5 % of that produced before the fast, and the ratio, energy: N in urine on the 4th day of fast suggests that carbon-containing substances derived from food are being cxcretcd at that time. The respiratory quotients determined on the 3rd day of fast, however, show that the products of digestion of food make no great contribution to the heat production of the animal, and the respiratory quotient does not fall significantly from the 3rd to the 4th day. Heat production on the 3rd day is about 3 yo higher and body-weight about I yo higher than on the 4th day. With continued fasting, heat production falls at a rate which is proportionatcly greater than the rate of fall in body-weight. The length of time which should be allowed after the fasting of a sheep begins before accepting a measurement of metabolism as indicative of a true fasting metabolism thus involves an element of choicc. In this laboratory, measurements made between the 64th and 112th h of fast have been chosen as giving the best practical measure of minimal metabolism uncomplicated by the effects of continued fasting although they may include a very small amount of heat derived from the previous ration. The overestimation is thought to be less than 2 % of the determined heat production.
The determinations of the fasting heat production of sheep by Ritzman & Benedict (1930 & Benedict ( , 1931 were made 24 h after food and have been termed 'standard metabolism' and those by Lines & Pierce (1931) were made 48 h after food. I n both series fasting metabolism is overestimated. The values obtained from the 64th to the 112th h of fast in our laboratory are 65 yo of those determined at the 24th h and 88 yo of those determined at the 48th h of fast. The determinations made by Marston (1948)' however, are comparable to ours because care was taken to ensure low respiratory quotients by long fasts. and Brody's (1945) were estimated from the equation which he used to summarize his observations. Kleiber (1932) . The former predicts a metabolism of 70'5 kcal/ kg W0.73 24 h for adult sheep. The values in Table 4 show that for sheep aged 4-6 years, metabolism is 55.4 f 1.1 kcal/kg W0.73 24 h, that is 20 yo lower.
Why sheep should have a low metabolism relative to that of other species is not known. A low fasting metabolism is not peculiar to ruminants for, as judged by unpublished studies in this laboratory and studies in America (Kleiber, Regan & Mead, 1945; Ritzman & Benedict, 1938; Forbes, Fries, Braman & Kriss, 1926) , cattle have a fasting metabolism which is, if anything, higher than the inter-species mean. Kleiber (1947) has pointed out the evolutionary significance of a metabolic rate approximately proportional to surface area. On this basis it could be argued that in the evolution of sheep, fleece development has had greater survival value than has the development of a high metabolism per unit surface. It is difficult to provide any acceptable proof of this conjecture. 2. Methane production from the 64th to I 12th h of fast was about 5 % of that noted before fasting and the ratio, energy: nitrogen in urine was g.okcal/g N, suggesting a small continuing metabolism of food. The respiratory quotient was stable at the 64th h.
3. After the 64th h of fast, heat production declined at a faster rate than did bodyweight. All measurements were standardized to the 64th-I 12th h of fast.
4.
Large differences between the fasting metabolism of individuals were noted.
These differences persisted on repetition of the experiments over several years. The between-sheep variation obtained in a series of determinations was f 10%.
5.
The fasting metabolism of wether sheep aged more than 2 years and ranging in weight from 27 to 72 kg was about 20 yo lower than the recognized inter-species mean of 70.5 kcal/kg weight raised to the power 0.73.
6. The metabolism of the wether sheep declined during the interval between about I year of age and 6 years of age by about 20 yo.
7. During fasting, 76% of the energy lost to the body came from oxidation of fat and 24% from oxidation of protein.
8. No breed differences in metabolism were found, and comparison of the mean results with those obtained in Australia with Merino sheep and in America with Durham sheep did not reveal any racial differences in metabolism.
